Abstract: Capillary imbibition in unsaturated rocks is important for the exploitation of tight reservoirs, such as oil and gas reservoirs. However, the physical properties of natural rocks tend to be relatively uneven, mainly in the heterogeneity of material composition and pore space. Reservoir heterogeneity is an important factor affecting the exploitation of oil fields and other reservoirs, which can be evaluated by the pore structure tortuosity fractal dimension D T of rock. The greater the value of D T , the stronger the heterogeneity of sandstone. Two types of sandstone with high and low permeability were selected to study the effect of heterogeneity on the imbibition behavior by using high-resolution X-ray imaging and neutron radiography. Quantitative results of the wetting front position for each specimen were extracted from the neutron images. The wetting front advanced linearly with the power index of time t 1/(2D T ) . Different values of D T were selected to estimate and discuss the effect of the heterogeneity on sorptivity. A modified L-W equation was employed to predict the sorptivity. Comparing with the experimental results, the heterogeneity plays a significant role in determining the sorptivity. The modified model provides a reference for the prediction of the sorptivity of the same types of sandstones studied in this paper.
Introduction
Natural rock in reservoirs, such as underground aquifers, oil, and natural gas reservoirs etc., contain a large number of microporous structures, whose physical properties tend to be relatively uneven, and are mainly manifested by the heterogeneity of the rock material composition and pore space. The imbibition of water in the pore structure has great significance for oil and gas exploitation [1, 2] , geothermal reservoirs [3] , and the utilization of groundwater resources [4, 5] . Moreover, reservoir heterogeneity is one of the important factors affecting the exploitation of oil, gas, and other reservoirs. Due to the diversity and complexity of the pore structure, it is difficult to visually describe the effect of heterogeneity on the spontaneous imbibition behavior within rock. The exploitation of nondestructive testing technology, such as high-resolution X-ray imaging (HRXI) and neutron radiography (NR), provides an effective means for the study of imbibition behavior within rock. HRXI can be used to accurately characterize the pore structure of rocks [6, 7] . NR demonstrates unique advantages [8] to quantitatively analyze the distribution and movement of water owing to the strong attenuation of neutron rays by hydrogen, and its relative insensitivity to the gas phase and mineral composition Processes 2019, 7, 260 2 of 14 (e.g., quartz and clay) [9] . The movement and distribution of water within the natural and engineered materials, such as rocks [6, 8, [10] [11] [12] and concrete [13] [14] [15] [16] , have been studied by using NR. In their studies, specimens were considered as homogeneous; the relationship between the wetting front and the square root of time is linear (i.e., obey Lucas-Washburn (L-W) equation).
However, studies have shown that the imbibition behavior in some porous media (such as fibrous textile [17] , knitted fabrics [18] , paper [19, 20] , Berea sandstone [21] , chalk [22] , building materials [23] , bentonite clay [24] , disordered medium [25] ) does not obey the classical L-W equation. Laugblin and Davis [17] modified the L-W equation to explain these phenomena by introducing an imbibition time exponent α. The time exponent α of these porous media, whose imbibition behavior does not obey the L-W equation, were always less than 0.50 [17] [18] [19] [20] [21] [22] [23] [24] [25] . Recently, Cai et al. [26, 27] established a fractal capillary model based on the fractal properties of curved capillaries (such as tortuosity fractal dimension D T ), which further develop the L-W equation. In their model, the relationship between the wetting front and t 1/(2D T ) was linear. It means that only when D T = 1 does the imbibition behavior obey the L-W equation (i.e., α = 0.50); D T is an important parameter defining the water imbibition behavior. Moreover, there is a great relationship between the D T and the pore topography of the arrangement of the pore structure of the medium. Different microstructures will lead to different topologies and different curved streamlines. The D T of a tortuosity capillary represents the heterogeneity of the actual porous medium, and the larger the dimension, the stronger the heterogeneity of the medium [27] . The spontaneous imbibition could be significantly affected by the heterogeneity due to its impact on the pore topography and tortuosity.
Recently, more and more studies have been conducted on the water flow or imbibition characteristics of the heterogeneity porous media. Muljadi et al. [28] studied the effect of pore-scale heterogeneity on non-Darcy flow behavior. Hyman et al. [29] investigated the effects of heterogeneity on water flow due to changes in pore geometry and topology in randomly generated three-dimensional porous media. Patel et al. [30] established a mathematical model of the imbibition phenomenon in heterogeneous porous media during the secondary oil recovery process. Shi et al. [31] studied the numerical simulation of a full CO 2 core flooding and imbibition cycle performed on a heterogeneous Tako sandstone core. Krevor et al. [32] reported the impact of natural capillary heterogeneity in a sandstone rock on CO 2 saturation buildup and trapping. However, very few studies have investigated the effect of the heterogeneity on the spontaneous imbibition of porous media. Cai et al. [33] is one of the few who have their work established a mathematical model to study the effect of heterogeneity on the spontaneous imbibition of porous media.
In this paper, two types of sandstones (high and low-permeability sandstone) were selected to study the effect of heterogeneity on spontaneous imbibition behavior. Compared with high-permeability sandstone, the pore size in low-permeability sandstone is more complex; its distribution mainly ranges from micron to submicron. The clay minerals in these pores may interact with water, causing expansion to block pore structure, thereby reducing pore connectivity. These phenomena increase the complexity of the pore structure and the heterogeneity of the rock, resulting in a high tortuosity of the flow path during imbibition. The characterization and monitoring of the pore structure and spontaneous imbibition behavior of sandstone specimens take place by HRXI and NR techniques, respectively. Based on the analyses of the neutron images, the locations of the wetting front were extracted to estimate the value of D T and sorptivity. A modified L-W equation proposed by Cai et al. [33] was used to predict the sorptivity of two kinds of sandstone specimens and compare it with experimental results. Moreover, the influence of the clay mineral composition on sorptivity was discussed.
Materials and Methods

Sandstone Specimens and Mineral Composition
Two kinds of sandstone specimens (fine and silty sandstone) were prepared to study the imbibition of water, which were named as W1 and S1. The fine sandstone (W1) and silty sandstone (S1) were collected from Rong county of Sichuan Province and Wuding County of Yunnan Province in China, respectively. Specimens W1 and S1 were 50 mm in height and 25 mm in diameter, as shown in Figure 1 . The mineral compositions of specimens W1 and S1 were measured by using X-ray diffraction (XRD). The results of XRD were listed in Table 1 , which proved that the tested specimens are very suitable for studying water imbibition by neutron imaging, because they are basically composed of quartz and have less influence on neutron beams. The porosity of the fine and silty sandstone is 19.50% and 15.20%, respectively, which was measured by mercury intrusion porosimetry (MIP). The permeability of two specimens was 141 mD and 4.10 mD measured by using the chemically equilibrated water. Before the experiment, the sandstone specimens were oven dried at 105 • C [12] , and the lateral sides of the specimens were covered with aluminum foil tape, which can prevent water evaporation and flow along the surface [6] . in Figure 1 . The mineral compositions of specimens W1 and S1 were measured by using X-ray diffraction (XRD). The results of XRD were listed in Table 1 , which proved that the tested specimens are very suitable for studying water imbibition by neutron imaging, because they are basically composed of quartz and have less influence on neutron beams. The porosity of the fine and silty sandstone is 19.50% and 15.20%, respectively, which was measured by mercury intrusion porosimetry (MIP). The permeability of two specimens was 141 mD and 4.10 mD measured by using the chemically equilibrated water. Before the experiment, the sandstone specimens were oven dried at 105 °C [12] , and the lateral sides of the specimens were covered with aluminum foil tape, which can prevent water evaporation and flow along the surface [6] . Pore structures of two kinds of sandstone specimens are complicated. A nanoVoxel-4000 HRXI equipment was used to accurately characterize the pore structure. This equipment provides a maximum resolution of 0.50 μm, which was supplied by SanYing Precision Instruments Co, Ltd., Tianjin, China. Cylindrical specimens with diameters of 1.80 mm and 1.50 mm were drilled from fine and silty sandstone for Compute Tomography (CT) scanning, respectively. Three-dimension image analysis software, Avizo, was used to reconstruct the pore structures of specimens. A cube with voxels of 600 × 600 × 600 was selected from the fine and silty sandstones as a volume of interest (VOI) (see Figure 2a,b) , respectively. Figure 2c ,d shows the two-dimension slices of the fine and silty sandstones. Pore volumes were separated from the VOI to calculate the three-dimensional fractal dimension and tortuosity. To obtain optimal thresholds for the segmentation of pores in the two kinds of specimens, the Avizo Auto Thresholding module was used to calculate the recommended thresholds. The three-dimension volumetric porosities of pore structures were calculated using the Avizo quantification module based on the recommended thresholds, as listed in Table 2 . The corresponding porosity at thresholds of 1695 and 54 is basically the same as the measured porosity of MIP. Therefore, 1695 and 54 were selected to segment the pore volume of fine sandstone and silty sandstone, respectively. Pore structures of two kinds of sandstone specimens are complicated. A nanoVoxel-4000 HRXI equipment was used to accurately characterize the pore structure. This equipment provides a maximum resolution of 0.50 µm, which was supplied by SanYing Precision Instruments Co, Ltd., Tianjin, China. Cylindrical specimens with diameters of 1.80 mm and 1.50 mm were drilled from fine and silty sandstone for Compute Tomography (CT) scanning, respectively. Three-dimension image analysis software, Avizo, was used to reconstruct the pore structures of specimens. A cube with voxels of 600 × 600 × 600 was selected from the fine and silty sandstones as a volume of interest (VOI) (see Figure 2a,b) , respectively. Figure 2c ,d shows the two-dimension slices of the fine and silty sandstones. Pore volumes were separated from the VOI to calculate the three-dimensional fractal dimension and tortuosity. To obtain optimal thresholds for the segmentation of pores in the two kinds of specimens, the Avizo Auto Thresholding module was used to calculate the recommended thresholds. The three-dimension volumetric porosities of pore structures were calculated using the Avizo quantification module based on the recommended thresholds, as listed in Table 2 . The corresponding porosity at thresholds of 1695 and 54 is basically the same as the measured porosity of MIP. Therefore, 1695 and 54 were selected to segment the pore volume of fine sandstone and silty sandstone, respectively. 
Setup of Neutron Radiography and Experimental procedure
The imbibition of water imbibition in specimens W1 and S1 were imaged using the cold neutron radiography facility (CNRF), which was installed at the end of the neutron catheter hall C1 catheter in the China Mianyang Research Reactor (CMRR). The CMRR is an advanced pool-type research reactor that has 20 MW of power, six horizontal tubes, 21 vertical tubes, and a D-T accelerator neutron source, established by the Institute of Nuclear Physics and Chemistry (INPC) of the China Academy of Engineering Physics (CAEP) [34] . The most probable neutron wavelength and the maximum neutron flux is 2.7 Å and 8.0 × 10 6 n/cm 2 /s for CNRF at an imaging position with L/D = 400 (L is the collimator tube length; D is the aperture diameter). The imaging system is equipped with an Andori KonL CCD camera (2048 × 2048 pixel) and a 6 LiF/ZnS scintillator screen (50-μm/100-μm thickness). The field of view can be chosen from 50 mm × 50 mm to 200 mm × 200 mm depending on different commercial lenses, and the digital imaging resolution is better than 5.0 lp/mm. Figure 3 illustrates the schematic of the neutron imaging facility. More detailed information of the neutron imaging facility has been reported in Hang et al. [34] . The experimental process was described as follows: (i) obtain 
The imbibition of water imbibition in specimens W1 and S1 were imaged using the cold neutron radiography facility (CNRF), which was installed at the end of the neutron catheter hall C1 catheter in the China Mianyang Research Reactor (CMRR). The CMRR is an advanced pool-type research reactor that has 20 MW of power, six horizontal tubes, 21 vertical tubes, and a D-T accelerator neutron source, established by the Institute of Nuclear Physics and Chemistry (INPC) of the China Academy of Engineering Physics (CAEP) [34] . The most probable neutron wavelength and the maximum neutron flux is 2.7 Å and 8.0 × 10 6 n/cm 2 /s for CNRF at an imaging position with L/D = 400 (L is the collimator tube length; D is the aperture diameter). The imaging system is equipped with an Andori KonL CCD camera (2048 × 2048 pixel) and a 6 LiF/ZnS scintillator screen (50-µm/100-µm thickness). The field of view can be chosen from 50 mm × 50 mm to 200 mm × 200 mm depending on different commercial lenses, and the digital imaging resolution is better than 5.0 lp/mm. Figure 3 illustrates the schematic of the neutron imaging facility. More detailed information of the neutron imaging facility has been reported in Hang et al. [34] . The experimental process was described as follows: (i) obtain one dark-current image (shutter closed, no neutron illumination), which is denoted as I (DF) , and one flat-field image (open shutter, without specimen), which is denoted as I (OB) [35] ; (ii) fix specimen W1 or S1 on the specimen holder respectively (see Figure 3) , the distance of the specimen was 10 mm away from the scintillator screen; (iii) take one image of the dried specimen, denoted as I (Dry) ; and (iv) keep the shutter open and slowly lift the container until the bottom of specimen was in contact with the water surface-this moment is defined as the baseline (zero) time [12] . An NR image of specimens W1 and S1 was acquired every 4.23 and 12.69 s, respectively, and was denoted as I (Wet) . A total 455 and 600 images were obtained during water imbibition in W1 and S1, respectively. A total of 151 images for W1 and 150 images for S1 were selected from these images for further analysis of the sorptivity of sandstone specimens.
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Neutron Image Processing
All the raw neutron images were imported into the ImageJ software [36, 37] to process. The twodimensional distribution of net water in the tested specimen can be obtained using the following steps based on Equation (1) (i) The normalized images of the dry and wet sandstone, denoted as Inor-d and Inor-w, were obtained by removing the background noise and beam heterogeneities in the detector by using Equation (1) .
where fk is a rescaling factor that is used to correct for fluctuations in the neutron flux, which was taken as unity in this work, because all the images were collected at the same power of the neutron beam [8] .
(ii) The net-water images Inet-w were obtained by removing the effect of the dry sandstone specimen and the aluminum foil tape on the neutron intensity by using Equation (2) [6, 8] . 
The selected net-water images of W1 and S1 were shown in Figure 4 and the time interval can be found on the images. 
All the raw neutron images were imported into the ImageJ software [36, 37] to process. The two-dimensional distribution of net water in the tested specimen can be obtained using the following steps based on Equation (1) (i) The normalized images of the dry and wet sandstone, denoted as I nor-d and I nor-w , were obtained by removing the background noise and beam heterogeneities in the detector by using Equation (1) .
where f k is a rescaling factor that is used to correct for fluctuations in the neutron flux, which was taken as unity in this work, because all the images were collected at the same power of the neutron beam [8] .
(ii) The net-water images I net-w were obtained by removing the effect of the dry sandstone specimen and the aluminum foil tape on the neutron intensity by using Equation (2) [6, 8] .
Spontaneous imbibition model
The phenomenon of water spontaneous imbibition in porous media has been studied since the beginning of the 20th century. Lucas [38] and Washburn [39] derived the L-W equation based on the Hagen-Poiseuille equation, which lays the foundation for the study of water imbibition in porous media. Handy [40] , Benavente et al. [41] , Li and Horne [22] , and Huber [42] further improved the L-W equation. Recently, Cai et al. [33] introduced the fractal scaling law for characterizing the convolutedness property of tortuous capillary to describe the capillary imbibition in porous media. The imbibition height of the capillary imbibition in porous media Lsm (mm) can be expressed as:
where f(λ) is the probability density function of the capillary diameter, which is defined as . D2 is the two-dimensional fractal dimension [43] . λ (μm) is the capillary diameter. λmax (μm) and λmin (μm) are the maximum and minimum capillary diameter, respectively. μ (Ns/m 2 ) is the viscosity of water, σ (N/m) is the air-water surface tension, and θ (°) is the water-solid contact angle. DT is the fractal dimension for the capillary tortuosity, and it lies in 1 < DT < 2 and 1 < DT < 3 in two and three-dimensional spaces, respectively. β is defined as λmin/λmax, and generally it has a value of β ≤ 10 -2 in porous media [27, 44, 45] . Cm (mm/s 1/(2DT) ) is the sorptivity. Comparing Equation (3) with the modified L-W equation reported by Laugblin and Davis [17] , the imbibition time exponent α can be 
Spontaneous Imbibition Model
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where f (λ) is the probability density function of the capillary diameter, which is defined as
. D 2 is the two-dimensional fractal dimension [43] . λ (µm) is the capillary diameter. λ max (µm) and λ min (µm) are the maximum and minimum capillary diameter, respectively. µ (Ns/m 2 ) is the viscosity of water, σ (N/m) is the air-water surface tension, and θ ( • ) is the water-solid contact angle. D T is the fractal dimension for the capillary tortuosity, and it lies in 1 < D T < 2 and 1 < D T < 3 in two and three-dimensional spaces, respectively. β is defined as λ min /λ max , and generally it has a value of β ≤ 10 −2 in porous media [27, 44, 45] . C m (mm/s 1/(2D T ) ) is the sorptivity. Comparing Equation ( 3) with the modified L-W equation reported by Laugblin and Davis [17] , the imbibition time exponent α can be defined as a function of the tortuosity fractal dimension D T (i.e., α = 1/(2D T )). The value of D T of some porous media, whose imbibition behavior does not obey the classic L-W equation, can be obtained as listed in Table 3 . [25] According to Equation (3), the sorptivity C m can be expressed as:
The value of λ max (µm) can be calculated by using the expression as follows [46] :
where τis the tortuosity of pore structure, K (mD) is the permeability, and ϕis the porosity. Equation (4) was employed to predict the sorptivity of specimens W1 and S1.
Results and Discussion
Wetting Front Evolution and Tortuosity Fractal Dimension Estimation
Spontaneous imbibition behavior occurs when water enters a gas-saturated porous medium under the action of capillary force. This phenomenon appears as a migration of the wetting front alone the imbibition direction on a macro scale, and can be simplified as a one-dimensional problem [6] . Figure 4 shows the imbibition process of water in specimens W1 and S1. In order to study the imbibition process of water and monitor the moving of the wetting front in two kinds of specimens, the vertical monitoring lines L1 and L2 were determined on the net-water neutron image of specimens W1 and S1, as shown in Figure 5 . The vertical monitoring line was located at the center of the net-water image of the specimen to avoid the effects of boundary effects. Quantitative results of the wetting-front position for each monitoring line were obtained from the neutron images. The height of wetting front L sm versus the imbibition time t was plotted in Figure 6 . During the imbibition process, the wetting front height of specimen S1 suddenly decreased at 5808 s (see the blue box in Figure 6 ). The main cause was the specimen S1 sliding down slightly at 5808 s due to the loosening of tape. Thus, the data after 5808 s of the S1 is invalid, and will be ignored in future analysis. The imbibition rate of water in specimen W1 was significantly faster than that in specimens S1. Possible causes of these phenomena are: (i) the permeability of specimen W1 (141 mD) is much larger than that of specimen S1 (4.41 mD); (ii) the specimen S1 is low-permeability sandstone; its pore structure is more complicated than W1, which mainly ranges from micron to submicron. Water needs to overcome greater capillary pressure during the imbibition. In the studies of Kang et al. [8] , Cheng et al. [12] , and Zhao et al. [6] the height of the water wetting front increases linearly with the square root of time. However, these studies did not consider the effect of the tortuosity fractal dimension D T of tortuous capillary tubes on the spontaneous imbibition. Logarithmically processing is on both the left and right sides of Equation (2) . The double-logarithmic plots of L sm versus t were plotted in Figure 7 . According to Equation (3), the linear regression analysis of the experimental data can estimate D T . The estimated results are listed in Table 4 . The first data point of the two data sets were lower than the best-fit lines, which may be caused by the bottom of the specimen possibly not being perfectly aligned with the water surface, resulting in partial contact at an early stage, and the bottom of the specimens were slightly immersed in water [12] . The results clearly show that D T for both specimens W1 and S1 are larger than 1.0; i.e., specimens W1 and S1 have heterogeneity, and the heterogeneity for W1 is stronger than for S1. Ma et al. [21] suggested the values of D T for Berea sandstone is 2.94, which is consistent with our results. The values of D T for building materials reported by Karoglou et al. [23] range from 1.02 to 1.25. EI Abd et al. [47] studied the imbibition process of fired clay and white siliceous brick specimens within initial and advanced periods, and the D T of them range from 0.81 to 1.61. Similar results also occur in the imbibition process of other types of porous media (e.g., fibrous textile [17] , knitted fabrics [18] , paper [19, 20] , chalk [22] , bentonite clay [24] , disordered medium [25] ), and the D T of them ranges from 1.0 to 2.38. The heterogeneity of porous media and the randomness of pore size is the main cause of these results [24] . It means that D T has a major influence on the spontaneous imbibition behavior of rock (i.e., sandstone). Simplifying the rock into a homogeneous porous medium (i.e., D T = 1.0) cannot accurately study its imbibition behavior. According to Equation (3), the linear regression analysis of the experimental data can estimate DT.
The estimated results are listed in Table 4 . The first data point of the two data sets were lower than the best-fit lines, which may be caused by the bottom of the specimen possibly not being perfectly aligned with the water surface, resulting in partial contact at an early stage, and the bottom of the specimens were slightly immersed in water [12] . The results clearly show that DT for both specimens W1 and S1 are larger than 1.0; i.e., specimens W1 and S1 have heterogeneity, and the heterogeneity for W1 is stronger than for S1. Ma et al. [21] suggested the values of DT for Berea sandstone is 2.94, which is consistent with our results. The values of DT for building materials reported by Karoglou et al. [23] range from 1.02 to 1.25. EI Abd et al. [47] studied the imbibition process of fired clay and white siliceous brick specimens within initial and advanced periods, and the DT of them range from 0.81 to 1.61. Similar results also occur in the imbibition process of other types of porous media (e.g., fibrous textile [17] , knitted fabrics [18] , paper [19, 20] , chalk [22] , bentonite clay [24] , disordered medium [25] ), and the DT of them ranges from 1.0 to 2.38. The heterogeneity of porous media and the randomness of pore size is the main cause of these results [24] . It means that DT has a major influence on the spontaneous imbibition behavior of rock (i.e., sandstone). Simplifying the rock into a homogeneous porous medium (i.e., DT = 1.0) cannot accurately study its imbibition behavior. Table 4 . Sorptivity (C m ) and goodness-of-fit (R 2 ) parameters of the fine sandstone (W1) and silty sandstone (S1). Table 4 . Sorptivity (Cm) and goodness-of-fit (R 2 ) parameters of the fine sandstone (W1) and silty sandstone (S1).
0.44 1.14 0.998 S1 0.46 1.09 0.982
Effect of heterogeneity on water sorptivity
The sorptivity of rock, including Berea sandstone, silty sandstone, coarse-grained sandstone, and limestone, has been analyzed by researchers through linear regression [6, 11, 12, 48] . Sandstone specimens in these studies were simplified to a homogeneous porous medium (i.e., DT = 1.0). However, in this work, the influence of DT on the water sorptivity is considered. The height of wetting front Lsm versus the power index of time t 1/(2DT) was plotted in Figure 8 . According to Equation (3), the linear regression analysis of the experimental data can estimate the sorptivity. The estimated results 
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The sorptivity of rock, including Berea sandstone, silty sandstone, coarse-grained sandstone, and limestone, has been analyzed by researchers through linear regression [6, 11, 12, 48] . Sandstone specimens in these studies were simplified to a homogeneous porous medium (i.e., D T = 1.0). However, in this work, the influence of D T on the water sorptivity is considered. The height of wetting front L sm versus the power index of time t 1/(2D T ) was plotted in Figure 8 . According to Equation (3), the linear regression analysis of the experimental data can estimate the sorptivity. The estimated results are listed in Table 5 . The sorptivities of the two specimens increased with the increase of the permeability, which was consistent with the results of Cheng et al. [12] . Moreover, the sorptivity of Berea sandstone (42 mD) was 1.17 mm/s 0.50 in the report of Kang et al. [8] , which is larger than the sorptivity of S1 (4.10 mD) and less than the sorptivity of W1 (141 mD). This result is consistent with the law obtained in our study that the sorptivity increased with the increase of the permeability. These sorptivity results of specimens W1 and S1 are much smaller than those reported sorptivities (3.77~4.55 mm/s 0.50 ) for a Berea sandstone matrix (~200-500 mD) [12] . One possible cause of this phenomenon is that the permeabilities of those Berea sandstones are much larger than those of specimens W1 and S1. However, the sorptivity of the Berea sandstone (50 mD) was 2.90 mm/s 0.50 [12] , which is larger than that of specimen W1 (141 mD). The main cause of this phenomenon is that the fracture can significantly increase imbibition in unsaturated sandstone. When considering the influence of D T , the water sorptivity of the sandstone specimen (W1 or S1) is~1.47 times larger than that of the sorptivity obtained without considering the influence of the D T . Moreover, the sorptivity of silty sandstone is 0.5643 mm/s 0.50 in the report of Zhao et al. [6] , which is basically consistent with our study. It means that the heterogeneity (i.e., D T ) plays an important role in estimating the sorptivity.
permeability, which was consistent with the results of Cheng et al. [12] . Moreover, the sorptivity of Berea sandstone (42 mD) was 1.17 mm/s 0.50 in the report of Kang et al. [8] , which is larger than the sorptivity of S1 (4.10 mD) and less than the sorptivity of W1 (141 mD). This result is consistent with the law obtained in our study that the sorptivity increased with the increase of the permeability. These sorptivity results of specimens W1 and S1 are much smaller than those reported sorptivities (3.77~4.55 mm/s 0.50 ) for a Berea sandstone matrix (~200-500 mD) [12] . One possible cause of this phenomenon is that the permeabilities of those Berea sandstones are much larger than those of specimens W1 and S1. However, the sorptivity of the Berea sandstone (50 mD) was 2.90 mm/s 0.50 [12] , which is larger than that of specimen W1 (141 mD). The main cause of this phenomenon is that the fracture can significantly increase imbibition in unsaturated sandstone. When considering the influence of DT, the water sorptivity of the sandstone specimen (W1 or S1) is ~1.47 times larger than that of the sorptivity obtained without considering the influence of the DT. Moreover, the sorptivity of silty sandstone is 0.5643 mm/s 0.50 in the report of Zhao et al. [6] , which is basically consistent with our study. It means that the heterogeneity (i.e., DT) plays an important role in estimating the sorptivity. To further analyze the effect of heterogeneity on the sorptivity, Equation (4) was used to predict the sorptivity of two types of sandstone specimens. The parameters used to calculate the sorptivity of two specimens are listed in Table 6 . The three-dimensional fractal dimension D3 and the tortuosity of the pore structure τ of the two specimens is calculated by the Avizo fractal dimension module and the Avizo centroid path tortuosity module based on the pore structure data of VOI after segmentation Figure 8 . Plots of L sm versus t 1/2D T for two kinds of specimens. Table 5 . Sorptivity (C m ) and goodness-of-fit (R 2 ) parameters of the fine sandstone (W1) and silty sandstone (S1). To further analyze the effect of heterogeneity on the sorptivity, Equation (4) was used to predict the sorptivity of two types of sandstone specimens. The parameters used to calculate the sorptivity of two specimens are listed in Table 6 . The three-dimensional fractal dimension D 3 and the tortuosity of the pore structure τ of the two specimens is calculated by the Avizo fractal dimension module and the Avizo centroid path tortuosity module based on the pore structure data of VOI after segmentation (see Figure 2e,f) , respectively. The values of D 3 for specimens W1 and S1 is 2.45 and 2.40, respectively. The difference between the values of the two and three-dimensional fractal dimensions is 1.0 [49] ; thus, the values of the two-dimensional fractal dimension D 2 for the two specimens are equal to 1.45 and 1.40, respectively. The values of λ max (µm) of specimens W1 and S1 can be calculated by using Equation (5) [46] and are equal to 13.33 µm and 0.87 µm, respectively. We can assume that β is equal to 0.01 for tested sandstone specimens, which is in accordance with the β 10 −2 in porous media [27, 44, 45] . The predicted sorptivity of specimen W1 is 1.85 mm/s 0.44 , which is 1.02 times larger than that estimated by linear regression (1.81 mm/s 0.44 ). When D T = 1.0, the predicted sorptivity of specimens W1 and S1 is 2.35 mm/s 0.50 , which is 2.10 times larger than the linear regression value. It means that the specimen W1 has heterogeneity, which has an important influence on the determination of the sorptivity of specimen W1. Then, we modified Equation (4) and obtained Equation (6) The predicted sorptivity of specimen S1 is 0.46 mm/s 0.46 (for D T = 1.09) and 0.61 mm/s 0.50 (for D T = 1.0). The error between the value of the predicted and linear regression is 41.77% (for D T = 1.09) and 10.91% (for D T = 1.0). The experimental measurements overestimate the fractal dimension of the tortuosity, and specimen S1 can be approximated as homogeneous. Equation (4) can be used to predict the sorptivity of the same type of sandstone specimen S1. The predicted sorptivity of specimen W1 (for D T = 1.14) and S1 (for D T = 1.0) are larger than that obtained by the linear regression value; possible causes are: (i) clay minerals, such as illite and kaolinite, in sandstone specimens W1 and S1 may block the seepage channel after water swelling and lead to a decrease of pore connectivity and increase the tortuosity of flow [12] ; (ii) the shrinkage, closure, and elimination of pore throats lead to poor pore connectivity in silty sandstone [6, 50, 51] . The results show that the heterogeneity has an important influence on the water sorptivity. Moreover, the tortuosity, maximum pore sizes, pore fractal dimension, and clay mineral composition further determine the sorptivity of sandstone during water imbibition. Equation (6) provides a reference for the prediction of the sorptivity of the same type of fine sandstone studied in this paper.
Specimen
Conclusions
In this study, the dynamics of water imbibition in two kinds of sandstone specimens with different permeabilities were monitored successfully by NR. The wetting front position of the sandstone specimens during the imbibition process was extracted based on the neutron images. The wetting front movement speed increases with the increase of permeability. The effect of the tortuosity fractal dimension D T of tortuous capillary tubes on the spontaneous imbibition was considered. Linear regression analysis found that the D T values for both specimens, W1 and S1, are larger than 1.0, i.e., specimens W1 and S1 are heterogeneous, and the heterogeneity for W1 is stronger than that for S1. The experimental results show that the wetting front advanced linearly with the power index of time t 1/2D T . The sorptivity of specimens W1 and S1 were estimated by the linear regression of the experimental data. The sorptivities of two specimens increased with the increase of the permeability. The modified L-W equation considers that D T was employed to predict the sorptivity of sandstone specimens W1 and S1. By comparing the experimental and model prediction results, we found that the heterogeneity, pore microstructure (e.g., the tortuosity, maximum pore sizes, and pore fractal dimension), and clay mineral composition (e.g., vermiculite, illite, and kaolinite) play a significant role in determining the sorptivity. A modified sorptivity prediction model provides a reference for the prediction of the sorptivity of the same type of sandstone studied in this paper.
